INTRODUCTION
Heparin is mainly a polydisperse sulphated copolymer of 1 4-linked glucosamine and uronic acid residues. Most of the heparin molecule is accounted for by this repeating disaccharide unit that consists primarily of 2-O-sulphated α--idopyranosyluronic acid (IdoA) 2-sulphate and 2-deoxy-2-sulphamido-α--glucopyranose (GlcNSO $ ) 6-sulphate [1, 2] , although both β--glucopyranosyluronic acid and α--idopyranosyluronic acid residues are also found. This repeating sequence represents at least 85 % of heparins from beef lung and about 75 % of those from intestinal mucosa [3] . The balance of the molecule is constituted largely of residues of 2-acetamido-2-deoxy--glucopyranose and -glucopyranosyluronic acid, although their modes of bonding and distribution within the polymer, as well as their degrees of sulphation, have yet to be established unequivocally. Occasionally 6-desulphated and\or 2-N-acetylated residues are also present. In general, the overall conformation of heparin can be described by a set of glycosidic bond dihedral angles. The problem of measuring precise values for glycosidic dihedral angles as well as the degree of flexibility around glycosidic bonds in polysaccharides has been addressed (for example in [4] ). Experimental approaches based on the measurement of NMR coupling constants [5] or chemical shifts [6] usually lack precision, whereas angles derived theoretically that have been obtained from energy calculations must be viewed with caution owing to their force-field dependence. Moreover, the use of experimentally determined restraints during energy minimization can result in the formation of ' virtual conformers ' [7] , molecular conformations that are not at the global energy minimum.
One way to approach the problem of better understanding the solution conformation of long-chain heparin is to perform Abbreviations used : 2D, two-dimensional ; FGF, fibroblast growth factor ; IdoA, idopyranosyluronic acid ; IRMA, iterative relaxation matrix approach ; MD, molecular dynamics ; NOE, nuclear Overhauser effect ; NOESY, NOE spectroscopy ; NPT, constant number of particles, constant pressure and constant temperature statistical ensemble ; NVT, constant number of particles, constant volume and constant temperature statistical ensemble ; RMS, root-mean-square ; RMSD, RMS deviation ; TPPI, time proportional phase incrementation. 1 To whom correspondence should be addressed.
chair conformation. The uronate (A) residue is mostly represented by the "H # form, whereas internal iduronates (C and E) exist in equilibrium between the chair and skewed boat forms. Deviations in some NOEs indicate a minor contribution of the #H " form to the A ring. Glycosidic dihedral angles, which define the overall oligosaccharide conformation, were further refined by combining in acuo energy map calculations and restrained energy minimization in explicit solvent water. Conformational stability was further assessed by subjecting NOE and IRMAderived structures to 600 ps of unrestrained molecular dynamics in explicit solvent. structural studies on homogeneous, short-chain heparin-derived oligosaccharides as models for the longer heparin polymer. Isolation and chemical composition of the most common hexasaccharide repeat unit in heparin has been reported [8, 9] : Figure 1 with residues labelled A to F. "H-NMR assignments have been made for this hexasaccharide [10] as well as for various other heparinderived oligosaccharides [11, 12] . However, little is known about the details of the solution conformation of these oligosaccharides prepared via heparin depolymerization, that produces, at the non-reducing end, a terminal uronate with an unsaturated 4,5 carbon bond. For di-and oligosaccharides, which have been studied by NMR, proton coupling constants for this terminal uronate indicate conformational flexibility [8, 13] . Crystallographic data show that this residue exists in two different forms (#H " and "H # ) (Scheme 1) within the same unit cell, indicating that these two forms are nearly equi-energetic [14] . The nonterminal α--idopyronosyluronate residue is likewise internally flexible, whereas the 2-deoxy-2-aminoglucopyranose and β--glucopyranosyluronate residues are conformationally rigid in solution [15, 16] . Although derivation of the conformation of iduronate-containing polysaccharides and oligosaccharides is complicated by conformational equilibria within their iduronate pyranose rings, the possibilities in phase space are limited because only two conformations, "C % chair and #S ! skewed boat (Scheme 1), are energetically favourable [15, 17] . This flexibility within α--idopyranosyluronate residues might contribute to unique binding properties of heparin, thereby affording additional versatility and biological activity. Other glycosaminoglycans having approximately the same molecular mass and degree of sulphation,
∆UA2S(1 4)-α--GlcNp-S6S(1 4)-α--IdoAp-2S(1 4)-α--GlcNp-S6S-α--IdoAp-2S(1 4)-α--GlcNp-S6S. The chemical structure of this hexasaccharide is shown in

Figure 1 Chemical structure of heparin-derived hexasaccharide
Residues are labelled A, B, C, D, E and F for uronate, glucosamine, iduronate, glucosamine, iduronate and glucosamine rings respectively, as discussed in the text. Note that ring A uronate has an unnatural double bond resulting from heparinase digestion.
Scheme 1 Possible ring conformations of uronate (ring A) and iduronate (rings C and E) in the hexasaccharide, depicted as discussed in the text
but containing the more rigid β-glucopyranosyluronate residues, show considerably less biological activity. In addition, the positions of sulphate groups seem to have a role in glycosaminoglycan activity. For example, fibroblast growth factor 2 (FGF-2) binds avidly to a heparin hexasaccharide composed of three consecutive -IdoA(2-OSO $ )-GlcNSO $ (6-OSO $ ) disaccharide units [18, 19] . However, binding studies involving chemically modified heparin preparations suggest that whereas the glucosamine N-sulphate and iduronate 2-O-sulphate groups are essential for this interaction, the glucosamine 6-O-sulphates are redundant [19] [20] [21] . The X-ray crystal structure of heparin hexasaccharide complexed with FGF-2 confirms the importance of these two sulphate groups [22] . In contrast, binding of hepatocyte growth factor to heparin\heparan sulphate seems to depend primarily on glucosamine 6-O-sulphate groups [23] . The conformation of methyl-O-sulphate groups is therefore of interest in understanding heparin-protein interactions involving the sulphate group at this position.
The present study is aimed at determining the solution conformation of heparin-derived hexasaccharide by using "H-NMR nuclear Overhauser effects (NOEs) and coupling constants, relaxation rates, the iterative relaxation matrix approach (IRMA), restrained energy minimization and molecular dynamics (MD). This work is a continuation of structural studies initiated with heparin-derived tetrasaccharide [24] . The presence of an additional disaccharide repeat unit raises the molecular complexity closer to that of larger heparin fragments and permits the derivation of more information about glycosidic dihedral angles, which define the overall shape of the heparin oligosaccharide. Although working with heterogeneous fractions of higher-molecular-mass heparins presents many problems from the experimental perspective, the use of homogeneous fractions of small heparin-derived oligosaccharides allows one to determine experimentally a number of reliable conformational parameters essential for understanding and modelling the structure of larger heparin molecules. Thus studying the hexasaccharide provides a better structural model for longer heparin molecules.
MATERIALS AND METHODS
Heparin hexasaccharide isolation
Approximately 1 g of heparin was dissolved in 100 ml of distilled water and dialysed exhaustively, freeze-dried and prepared at exactly 20 mg\ml in distilled water [25] . To 50 ml of heparin (20 mg\ml) was added 5 ml of sodium phosphate buffer [5 mM sodium phosphate (pH 7)\200 mM NaCl] containing 100 munits of heparinase. The reaction mixture was incubated at 30 mC for 48 h. Under these conditions, 30 % of the heparinasecleavable linkages are broken, giving rise to the maximum possible amount of the desired hexasaccharide product. The reaction was terminated by heating to 100 mC for 5 min and the depolymerization mixture was fractionated by gel filtration and strong anion-exchange HPLC as described previously [26] .
NMR measurements
For NMR measurements, 2 mg of freeze-dried heparin hexasaccharide was dissolved in 0.5 ml of #H # O. The pH was adjusted to the desired value by adding microlitre quantities of NaO#H or #HCl to the sample. The salt concentration was adjusted to 1 mM. For most experiments, the temperature was controlled at 5 mC to effect shorter relaxation rates and to minimize the contribution from high-energy conformations. "H-NMR spectra were acquired on a Bruker AMX-600 NMR spectrometer operating at a "H frequency of 600 MHz.
For "H resonance assignments, two-dimensional (2D) NMR homonuclear magnetization transfer (HOHAHA) spectra, obtained by spin-locking with an MLEV-17 sequence [27] with a mixing time of 60 ms, were used to identify spin systems. NOE spectroscopy (NOESY) experiments [28, 29] were performed for mixing times of 100, 200, 300, 500 and 700 ms to connect saccharide ring-spin systems sequentially and to define NOE build-up curves for use in IRMA calculations described below. Relative chemical shifts for 6S and 6R protons were assumed to be the same as for heparin-derived tetrasaccharide [24] . "H-"H coupling constants were taken from previous work on the same hexasaccharide [10] . 2D-NMR data were acquired in the phasesensitive mode by using TPPI (time proportional phase incrementation) or States-TPPI [30] [31] [32] . The residual water resonance was suppressed by direct irradiation (0.6 s) during the relaxation delay between scans. Spectra were normally collected as 256-512 t "
experiments each with 2048 complex data points and 96 scans over a spectral width of 5 kHz in both dimensions with the carrier placed on the water resonance. 2D-NMR spectra were processed off-line on an SGI Indigo Extreme workstation with the Felix program (Biosym\MSI, San Diego, CA, U.S.A.). Free induction decays were generally zero-filled to 2048 in the t " dimension and SS apodized before Fourier transformation. "H spin-lattice relaxation times (T " ) were measured by using the inversion recovery method with water suppression. T " values were calculated by using the program XSPEC (Bruker Instruments, Billerica, MA, U.S.A., and Spectrospin AG, Zurich, Switzerland).
Molecular modelling
Initial hexasaccharide structures were taken from the Brookhaven PDB structural database and modified by introducing a double bond at the C-4\C-5 position of the non-reducing uronate ring by using the InsightII program (Biosym\MSI). The AMBER forcefield with Homans additions for saccharides [33] was used in all calculations. Parameters for sulphates were taken from ab initio calculations [34] , and parameters for hydrogen bonds between carbohydrate hydroxy hydrogens and oxygens and water were taken from Glennon et al. [35] . The total molecular charge was set to k12 (the number of charged groups at pH 6). Partial charges for sulphates were taken as reported by Huige and Altona [34] with slight adjustments so that the total charge of every residue was equal to k2. Optimization of the A ring conformation included an initial steepest descent minimization, followed by 1 ps MD and conjugated gradient minimization until the derivative was less than 0.01. Owing to the presence of iduronate ring interconversions, an ensemble of four possible hexasaccharide structures (various combinations of chair and boat forms for internal iduronate rings C and E) was constructed and was used in all subsequent calculations. NOE build-up curves (mixing times of 100, 200, 300, 500 and 700 ms) were analysed to check for possible indirect magnetization transfer pathways (spin diffusion), and NOE cross-peak intensities were calculated by using the IRMA [36, 37] with ensemble-averaging through the NMR-Refine program (Biosym\MSI) on an SGI Indigo Extreme workstation. The overall rotational correlation time used in IRMA simulations was estimated from the value reported for a heparin pentasaccharide [38] . In the hexasaccharide, the additional ring increases the mass and the length of the oligosaccharide proportionally, but modifies the transverse dimensions only slightly. Perpendicular and parallel components for the symmetric top diffusion tensor for the hexasaccharide were estimated to be 6\5 and (6\5)$, respectively, relative to those for the pentasaccharide. Using the length and breadth of an extended oligosaccharide, symmetrical top rotational correlation times ranged from 1.2 to 2.2 ns. A single isotropic overall tumbling correlation time of 1.6 ns was obtained as an average for all possible proton pairs within a distance cutoff of 4 A H . Although this represents a rather crude estimate with an error of approx. 30 %, the effect of this error on IRMA-derived inter-proton distances is considerably less owing to the r −' weighting factor. Furthermore internal ring mobilities were not considered because previous studies showed large motional order parameters (highly restricted motions) for analogous heparin-derived oligosaccharides [24, 38] . In this respect, rigid-body isotropic tumbling provides a reasonable motional model from which to calculate interproton distances.
The leakage rate for diagonal peaks was calculated as the difference between the experimental relaxation rate and the theoretical dipole-dipole relaxation rate for the same proton pair averaged over all structures in the conformational ensemble. Owing to signal overlap, only well-resolved peaks located in different parts of the oligosaccharide were chosen to estimate a three-peak (B2, D2, F1) average leakage rate of 0.1 s −" , which was used in IRMA calculations. Even though different chemical environments can lead to different leakage rates for different protons in different parts of a molecule, this approximation was deemed acceptable, particularly at short mixing times and given the small size of the hexasaccharide. Relaxation matrix elements were averaged with the NOE volume as the weighting function to provide adequate averaging over longer mixing times. Symmetryrelated NOESY cross-peaks were volume-integrated and averaged. A total of 32 NOE cross-peaks, measured at five mixing times, were used as input for IRMA calculations. Six NOEs, B2-B4, B3-B5, D2-D4, D3-D5, F2-F4 and F3-F5, were taken as references for calculating relaxation matrix elements. With glucosamines in a %C " chair conformation, these inter-proton
NOEs provide good distance calibrations. Furthermore the use of NOEs from both B and D (internal) and F (terminal) rings to calibrate distances helps to average out internal motional differences. The set of distance constraints was calculated on the basis of an r −' average for the ensemble of structures with an overall correlation time of 1.6 ns and assuming slow (10%-10' s −" ) interconversion between different ring conformers [39] . This averaging approach reflects the fact that experimental NOEs represent a time average over a number of conformations.
Direct NOE volume refinement [40] was used for five sets of overlapped peaks : A1-A3 (B6R), B(D)H4-B(D)H6R ; B(D)H6R-B(D)H6S ; B(D)H4-B(D)H5 ; C(E)H1-C(E)H2. Dihedral angle constraints were derived from coupling constants by using the Haasnoot equation [41] . Structures were then minimized for 10 000 cycles by the conjugate gradient method until the derivative was less than 0.01 with a variable force constant of 3-60 kcal\mol per A H # for distance constraints and a force constant of 3 kcal\mol per deg# for dihedral angle constraints. The maximum distance force constant defines the restraint energy equal to kT $!!K when the distance violation is 0.05 A H and the dihedral angle violation is 10 m. For simulations in acuo, a distance-dependent dielectric constant 4r without cutoffs was used to partly account for the absence of solvent. This ensemble of structures was then used as an input in subsequent IRMA cycles with the same motional parameters to update the set of distance constraints.
To measure the quality of IRMA-calculated structures, Rfactors, which compare experimental data and model structures, were used. The definition of the NMR R-factor used here is analogous with that used by Gonzales et al. [42] :
where A i are cross-peak intensities and τ m are mixing times. Convergence usually occurred within five IRMA cycles. The resulting ensemble represents ' virtual ' conformations of the hexasaccharide that often differ from the global minima owing to applied restraints. To test the sensitivity of the overall conformation to the restraint energy, structures were recalculated with larger distance force constants : K dis l 3, 15, 30 or 60 kcal\ mol per A H #. Because this hexasaccharide is highly negatively charged, structural refinement was performed in the presence of solvent water molecules and counterions. Simulations of smaller and less charged saccharides have been done previously [4, [43] [44] [45] . Structures obtained by using the IRMA protocol with K dis l 60 kcal\mol per A H # were used as inputs for explicit solvent simulations. Sodium counterions were placed 2.5 A H away from sulphates and carboxylates to neutralize negatively charged groups. Molecules were then solvated in a 42 A H i23 A H i23 A H water box with the number of water molecules varying from 669 to 676 depending on the hexasaccharide structure used. Assemblies were then equilibrated within the solvent box by using short conjugated gradient minimizations for 1000 steps to remove bad contacts, followed by 30 ps of NPT (constant number of particles, constant pressure and constant temperature statistical ensemble) MD at 300 K and 1.0 bar of pressure. The system was equilibrated in a thermal bath with a coupling constant of 0.5 ps, and the pressure of the system was controlled by isotropically coupling atomic positions and the size of the cell to a pressure bath with a relaxation constant of 0.5 ps. The energy of the system stabilized within the first 20 ps. As is typical of NPT dynamics, large pressure fluctuations (within p500 bar) were observed during these runs, and the size of the box decreased to about 36 A H i20 A H i20 A H , indicating the initial low internal pressure of the system. During simulations, positional restraints of 50 kcal\mol per A H were applied for all atoms along with the NMR-derived restraints with K dis l 60 kcal\mol per A H # and K dih l 3 kcal\mol per rad#. Without these positional restraints, structures became highly distorted during equilibration. Positional restraints were then gradually removed by decreasing the force constant by 10 kcal\mol per A H during each of the five subsequent 500-step conjugated gradient minimizations. The resulting system was minimized first with and then without NMR-derived restraints (no positional restraints were applied) until the root-mean-square (RMS) value was less than 0.01. Structures minimized without restraints were then used as input for unrestrained MD. These were subjected to 10 ps of NPT dynamics including positional restraints (same parameters as above), which were then gradually removed during a subsequent 10 ps of NPT dynamics. Because pressure control can introduce artifacts into an MD trajectory, productive runs were initiated for the NVT (constant number of particles, constant volume and constant temperature statistical ensemble). As judged by observing the total energy, equilibration of the system was reached within 80 ps of the NVT simulation, making the total equilibration time 100 ps. Conformational parameters were analysed from the subsequent 500 ps of simulation. A dielectric constant of 1 and a cutoff of 9 A H were used throughout the explicit solvent simulations. Charge groups were implemented to decrease the artifacts arising from use of electrostatic energy cutoffs.
RESULTS AND DISCUSSION
For heparin-derived hexasaccharide, the six sugar rings are identified as A, B, C, D, E and F from the non-reducing end to the reducing end ( Figure 1) . "H resonance spin systems have been non-specifically assigned to glucosamine and uronate rings [10] , based primarily on chemical shifts [11] with 2D-NMR correlated spectroscopy data. In the present study these groupings have been confirmed with total correlation spectra, and sequencespecific resonance assignments have been made by identifying inter-residue H1-H4 NOE connectivities as shown in Figure 2 .
Coupling constants obtained from analysis of one-dimensional "H-NMR and 2D double-quantum-filtered correlated spectroscopy spectra indicate that all three 2-deoxy-2-N-sulpho-α--glucosamine-6-sulphate (referred to simply as glucosamine) residues B, D and F maintain the %C " conformation (Scheme 1), as suggested for glucosamine rings in parent heparin and in other heparin-derived oligosaccharides [15, 16, 24, 46, 47] . Small H1 and H2 coupling constants ($J ",# l 3.4-3.5 Hz) indicate an axialequatorial relationship between H1 and H2 protons, whereas larger $J i,j values (more than 9Hz) for H3, H4 and H5 indicate a trans-diaxial relationship between these protons. The %C " chair form is further supported by NOE-based conformational modelling discussed below. Moreover, these data indicate that neither the unsaturated uronate nor iduronate residues substantially modify this glucosamine ring conformation. This is consistent with the observation that the %C " glucosamine (3-O-sulphated 2-deoxy-2-N-sulpho-α--glucosamine-6-sulphate ring) ring conformation is also unperturbed by adjacent β--glucuronate and 2-O-sulphated α--iduronate residues in a pentasaccharide corresponding to the ATIII binding site in heparin [47] . A similar finding also has been made with a heparin-derived tetrasaccharide [24] . These data suggest that increasing the length of the heparin chain seems not to change the overall glucosamine ring conformation. Uronate residues, in contrast, have been found in various ring forms, and their conformation and flexibility in heparin have been the subject of a number of studies [15, 17, 43, [47] [48] [49] . Here the hexasaccharide contains two different types of uronate residue, a presumably more rigid, 4,5-unsaturated uronate (ring A) at the non-reducing end and two 2-sulphated α--idopyranosyluronates (referred to as iduronates) (rings C and E). Uronate ring A, with co-planar C3, C4, C5 and O5 atoms, can exist in two different half-chair conformations, #H " and "H # (Scheme 1), differentiated by above-plane and below-plane positions for C1 and C2 atoms. The #H " conformer with C2 lying above this plane shows a $J ",# coupling constant greater than 6 Hz, whereas the "H # conformation with C1 lying above this plane shows $J ",# and $J #,$ coupling constants of less than 4 Hz. In this hexasaccharide observed values of 3.1 Hz for $J ",# and 4.7 for $J $,% are consistent with a preferred "H # half-chair conformation (Table 1 ). For internal iduronate rings C and E, $J #,$ and $J $,% coupling constants of 5.6-5.8 Hz and 3.6-3.9 Hz respectively indicate the presence of both "C % chair and #S ! twisted-boat conformers (Scheme 1 and Table 1 ). Ferro et al. [15, 17] have investigated the conformation of α--iduronate in various monosaccharides and oligosaccharides and suggested that when α--idopyranosyluronate and 2-O-sulpho-α--idopyranosyluronate residues are in an oligosaccharide sequence, only the "C % and #S ! conformers are present at equilibrium (Scheme 1). The X-ray crystal structure of this hexasaccharide bound to FGF [22] shows ring C (having a tightly interacting 2-O-sulpho group) to be in the "C % conformation, whereas ring E (weakly interacting with FGF) is in the #S ! conformation. In the solution structure the relative populations were calculated on the basis of iduronate coupling constants [15, 17] in this hexasaccharide as "C % :#S ! l 69 : 31. Unfortunately, a potential NOE between H2 and H5, characteristic of the #S ! form, was obscured by the water resonance. In the heparin tetrasaccharide, however, this NOE was observed, and the H2-H5 interaction giving rise to this NOE was sufficient to drive the internal iduronate into this twisted boat conformation during conformational modelling [24] . In the hexasaccharide, discriminating iduronate H1-H2, H2-H3 and H3-H4 NOEs do show smaller distance violations in the twisted boat form. However, the initial "C % :#S ! distribution of 50 : 50 remains unchanged in the presence of the interactions giving rise to these intra-residue NOEs, suggesting that this distribution, which is consistent with the observed coupling constants, is realistic. Small deviations in expected coupling constants and NOEs in the hexasaccharide, however, might indicate a minor contribution from other ring forms that co-exist in equilibrium. In both rings, a slight twist at C2 and C3 carbons brings all substituents (except the C1 glycosidic oxygen) into equatorial positions thereby minimizing unfavourable 1,3 proton-proton steric interactions expected for flag-pole positions in the "C % chair form. The conformation of iduronate in parent heparin and in dermatan sulphate has likewise been suggested to exist in a slightly distorted (C2 and C3 positions) "C % chair conformation [17, 47, 50] . Conformational equilibria of the α--idopyranosyl uronate have been found to depend on its substituents as well as on those from adjacent residues [15, 17, [47] [48] [49] .
Because iduronate residues C and E exist in equilibrium between "C % and #S ! forms, conformational modelling was performed with both forms. This resulted in the use of four different initial structures in IRMA calculations. For glucosamines, the conformation of 6-O-sulphate groups was placed as the gg rotomer, and the H2-C2-N-H dihedral angle was fixed in the trans state [39] . Resulting structures were then subjected to an in acuo NOE-restrained energy minimization procedure described in the Methods section. R-factors are listed in Table 2 . With the exception of the terminal AB ("H # -%C " ) linkage, RMS 
Table 3 Glycosidic dihedral angles and standard errors for different refinement protocols
Glycosidic dihedral angles are based on averages as described in the Results and discussion section. Letters below these values for md2 to md4 protocols specify the glycosidic linkage for which they were calculated. The original protocol was based on a structure reported by Mulloy et al. [38] .
Dihedral angle (m) 
* Two different sets of dihedral values were found for C-D and E-F linkages ; the latter are indicated in parentheses.
Table 4 Absolute average distance violations for inter-residue NOEs
Distance limits were calculated from experimental build-up curves during IRMA. Absolute values of distance violations were averaged over the ensemble of four structures obtained after restrained minimization in explicit solvent as described in the Materials and methods section. values (Table 3) (Table 3) were not significantly modified by increasing the force constant, which indicates that this set of inter-residue NOEs allows dihedral angles to be relatively well defined. Increasing the force constant naturally led to improved R-factors (Table 2 ) primarily through small changes in intra-ring distances and minimal reorientations of 6-O-sulphate groups, which remained in the gg state for glucosamine rings B and D. In ring F, the 6-O-sulphate group was found to be gt when ring E was in the "C % conformation or between gg and gt when ring E was in the #S ! conformation. The latter situation might be the result of the restraint energy and a large gg-to-gt transition energy barrier. Moreover, with the iduronate ring in the #S ! conformation, the use of larger force constants results in the formation of two distinct inter-residue orientations for C-D and E-F rings (Table 3) . In this case, this might be the result of an Table 3 .
Violation (AH )
insufficient number of inter-residue NOEs. Alternative values for the E-F linkage correlate with a distorted orientation of the 6-Osulphate group mentioned above. Because one of the two main NOEs observed across this glycosidic linkage is between E1 and F6R protons (Table 4) , this intermediate orientation of the Fring 6-O-sulphate group is probably associated with differences in inter-ring dihedral angles. The existence of two glycosidic conformations might also result from terminal effects in this relatively short oligosaccharide. In any event, a distance restraint force constant of 251 J (60 kcal)\mol per A H # was used in subsequent calculations.
Because the forcefield used here is different from that used by Mulloy et al. [39] , conformational energy maps ( Figure 3) were calculated (Biosym\MSI software) for each disaccharide pair in the molecule ; and ψ torsional angles were varied over the full range of angles (k180 m to j180 m), and structures were energyminimized every 10 m with a torsional restraint of 41 840 J (10 000 kcal)\rad# and the use of conjugate gradients until the RMS derivative was smaller than 0.01. A distance-dependent dielectric of 4r was used during in acuo calculations. Although these energy maps provide only an estimate of the complicated glycosidic torsion energy surface in longer oligosaccharides in explicit solvent water [4] , they can still be useful when considering
Figure 4 Superposition of IRMA-calculated structures
Because structural calculations were performed with both chair (c) and skewed boat (b) forms of internal iduronates, there are four sets of structures. The top two sets were generated by superposing rings B, C and D (boxed) for ring conformations ccc (top) and cbc (second from top) respectively. The bottom two sets were generated by superposing rings D, E and F (boxed) for ring conformations ccc (second from bottom) and cbc (bottom) respectively.
' virtual ' conformers that result from using experimentally derived pseudo-energy restraint terms.
The need for computationally expensive explicit solvent simulations arises from the fact that the heparin-derived hexasaccharide is highly negatively charged. Further structural refinement was performed in the presence of solvent water molecules and sodium counterions. In this type of simulation, appropriate equilibration of the solvent box is crucial owing to the sensitivity of the potential energy function to the exact separation of ions and the dominance of solvent-solvent non-bonded energy terms in the total potential energy function [43] . Although such simulations have been performed with smaller and less charged saccharides [4, 43, 45] , none have been done with this highly negatively charged heparin-derived hexasaccharide. R-factors remained essentially the same ; however, somewhat modified conformations were produced owing to the presence of solvent. Moreover, some of the resulting conformations did not cor-
Figure 5 NOE build-up curves
Experimental and IRMA-calculated NOE build-up curves are shown for several inter-proton NOEs as indicated. Symbols represent experimentally determined NOEs, and lines give calculated build-up curves for the four structures calculated with the modelling protocol described in the text.
respond to the global energy minimum because of the presence of pseudo-energy restraint terms and the possibility of conformations being trapped within local minima. RMS values increased on the addition of explicit solvent (Table 3) , possibly indicating the presence of local minima on the complicated energy surface that corresponds to the NOE-derived distance constraints. This probably provides a more realistic picture than ' precise ' values for dihedral angles obtained from in acuo calculations and reflects a certain degree of internal mobility around glycosidic bonds.
These IRMA-derived structures have been superposed (ring carbons and glycosidic oxygens) in Figure 4 . Because structural calculations have been performed using both chair (c) and skewed boat (b) forms of internal iduronates, there are four sets of structures covering all combinations. The top two sets were generated by superposing rings B, C and D (boxed) for ring conformations ccc (top) and cbc (second from top) respectively. The bottom two sets were generated by superposing rings D, E and F (boxed) for ring conformations ccc (second from bottom) and cbc (bottom) respectively. RMS deviation (RMSD) values for superposed segments were all less than 0.35 A H . Regardless of the iduronate ring conformation, all structures shown here, along with their glycosidic angles reported in Table 3 , define an extended heparin conformation with a right-handed twist to the inter-ring conformation with all sulphates extending equatorially. The heparin-derived tetrasaccharide structure [24] was also refined here by using the current force field and previously reported experimental data. Superposition of tetrasaccharide rings B, C and D with hexasaccharide rings D, E (#S ! ) and F gave an RMSD value of 0.5 A H , indicating a rather good consistency in glycosidic conformations for these two oligosaccharides of different lengths.
Figure 6 Total energy of the simulated system plotted against simulation time for different MD runs
To check that this ensemble of structures is realistic, NOESY spectra were back-calculated and found to compare favourably with experimental data. One portion from this back-calculated NOESY is shown in Figure 2 (right panel). In addition, Figure  5 exemplifies how well NOE build-up curves are approximated with this ensemble of structures. Here one can see that the use of an average leakage rate of 0.1 s −" (see the Methods section) cannot adequately describe all experimental NOEs at longer mixing times. These deviations, however, are minimal in terms of actual distances owing to weighting by the inverse sixth power of the internuclear distance. NOE-distance violations are listed in Table 4 . Even though most violations are minimal, those for A1-B3 and A1-B5, which help define the glycosidic angles of the AB linkage, are rather large. Increasing the force constant in IRMA calculations also distorts dihedral angles for the AB linkage. To test the sensitivity of NMR data on structural parameters, IRMA-derived restraints were removed as described in the Methods section, which led to increased R-factors (Table  2) . Minimized structures showed the largest change at the AB linkage, consistent with relaxing strain introduced by A1-B3 and A1-B5 NOE restraints (Table 4) . Other glycosidic linkages did not change significantly. For all four structures, restraint forces introduced most strain in valence angles and less in bond lengths and torsional angles. Regardless of the dominance of solventsolvent non-bonded energy terms, energy differences with and without restraints were negligible compared with the total potential energy.
To achieve a better evaluation of the stability of these conformations, long-timescale (600 ps) unrestrained MD runs were performed on the four structures in explicit solvent. Although a complete analysis would require information on the dynamical behaviour of glycosidic dihedral angles, side chains and ring conformations, only the first two can be adequately sampled during the 600 ps simulation time. Side-chain motions were determined by the following changes in dihedral angles : 2-O-sulphate by H#-C#-O-S ; 2-N-sulphate by H#-C#-N-H and 6-O-sulphate by O&-C&-C'-O' angles. Pyranose ring conformations were measured by using the Cremer-Pople ring-puckering formalism ( [51] , and Figure 1 in [43] ) which reduces Cartesian coordinates to a set of three parameters : Q, and θ, which can be measured along the MD trajectory. The time dependences of the Cremer-Pople θ sugar-pucker angle for simulations 2-4 are shown in Figure 6 . For reference, MD simulations are numbered md1 to md4 on the basis of initial internal iduronate conformations, cc, cb, bc and bb respectively, where c stands for "C % chair and b stands for #S ! skewed boat. Although the total energy of the system remained relatively stable during the last 500 ps (Figure 7 ), significant decreases during the first 100 ps were accompanied by both solvent relaxation and changes in glycosidic and side-chain torsion angles. Solvent relaxation occurred rapidly, whereas slower relaxation processes involved ring and sidechain reorientations, which can result in anomalous ring conformations owing to large electrostatic energy contributions. Because such ring distortions were observed in md1, only MD simulations on structures md2, md3 and md4 were used to assess structural stability with this approach. Some trajectories, moreover, resulted in the formation of alternative iduronate and uronate ring conformations ( Figure 6) ; these, too, were not used. Average values and standard deviations for glycosidic torsion angles in the accepted structures are listed in Table 3 . Dynamics trajectories are also plotted on the energy maps in Figure 4 , where, for most glycosidic angles, orientations fall within the low-energy regions obtained for model disaccharides.
Comparison of these average parameters with NMR-derived values shows that C-D and E-F inter-ring orientations remain quite stable, whereas rather large changes in the angle of the A-B linkage are observed. The use of strong inter-residue NOEs (A1-B3 and A1-B5) during in acuo protocols resulted in a distortion of the A-B linkage that was not relieved during initial MD protocols with explicit solvent. This torsional angle relaxation apparently occurs only during unrestrained MD runs. Furthermore, large changes in the Ψ glycosidic angle occurred at the terminal E-F linkage in md3 soon after releasing solute positional restraints during the equilibration period. Although there is no visible ring distortion associated with this transition, the mobility of the 6-O-sulphate group increased significantly.
This new conformation might correspond to a lower-energy minimum as suggested by its subsequent stability during the final 500 ps of sampling. In general, side-chains, as expected, were found to be more mobile than rings and glycosidic angles. After equilibration, several transitions were observed in the smaller glucosamine 2-N-sulphates. Most of the time, these groups remained in the trans conformation (H#-C#-N-H angle approx. 180m) in agreement with the measured $J NH,CH # value of 9.4 Hz. Internal ring 6-O-sulphates were stable in the gg orientation. The alternative 6-O-sulphate tg orientation (found to be a negligible contribution in the heparin-derived tetrasaccharide conformation [24] ) in ring B of md3 could be caused by a conformational transition in adjacent ring A. For terminal ring F, both gt and gg orientations were present, which also agrees with our previous tetrasaccharide study. Lastly, 2-O-sulphate groups were found to be in the cis orientation, in agreement with the results of Ragazzi et al. [52] . Thus if MD simulations are performed in explicit solvent a better sampling of the complicated energy surface is provided ; this is reflected in the presence of decreased R-factors compared with unrestrained minimizations (Table 2) .
It is also important to note that the existence of different ring conformations did not change the overall shape of the hexasaccharide. As pointed out by Ferro et al. [15] , the highest RMS is for the flexible residue itself, whereas the RMS values for flanking residues are quite low. Thus the use of the ' correct ' conformational populations, close to those obtained from coupling constants, is important in deriving correct inter-proton distances within the same ring and less important in deriving inter-proton distances between flexible and more rigid residues. The latter defines the overall structure of the saccharide. The values derived for the hexasaccharide (Table 3) give a righthanded sense to the overall conformation. Values for these glycosidic angles differ from those reported by Mulloy et al. [39] by up to 30m. However, the authors of that paper used a preparation of heterogeneous heparin yielding NOEs that would also be averaged over different size fragments and making derived conformations less accurate than those determined with well-characterized homogeneous heparin fragments in the current study. Additionally, differences in glycosidic angles might also be attributed to the use of different force fields, i.e. MM2 compared with Amber in our case. These new conformations, however, remained in a low-energy region on the basis of model disaccharide potential energy calculations. The current force field gives very broad low energy regions from which it is hard to get reliable torsion angles. Combining energy calculations with experimentally derived restraints helps to limit acceptable glycosidic torsion angles. The addition of explicit solvent makes the problem of finding the best ' virtual ' minimum more complicated. This is reflected by higher standard errors found for average dihedral angles. At the same time these higher errors might indicate flexibility about glycosidic bonds [38, 53] .
Further refinement of carbohydrate conformational parameters can be achieved either by implementing more sophisticated IRMA models that will consider the effects of anisotropic tumbling, internal mobility and different leakage rates [54] [55] [56] or by using more sophisticated simulation protocols that include long-range explicit solvent MD. The latter approach was used here. MD simulations provide better sampling of the complex potential energy surface and test the stability of conformational parameters obtained during the early stages of structure refinement. Such simulations, however, should be approached with caution owing to significant contributions from electrostatic interactions that make the MD simulation quite sensitive to initial positions of counterions as well as to initial solute conformations. Equilibrating the solution with restrained solute partly removes the first problem by allowing the surrounding solvent and counterions to relax. Use of the NMR-derived conformation as a starting point, even though it is still rather far from the global minimum owing to limited or inaccurate experimental information, can cause problems during MD equilibrations when solute positional restraints are gradually removed. For example, ring distortions are often coupled to reorientations of side chains that, being bulky and highly charged, tend to distort the surrounding solvent and modify the electrostatic component of the total energy of the system. A more rigorous method such as the Particle Mesh Ewald approach [57, 58] has provided better results with analogous highly charged DNA oligonucleotides. Such simulations can provide a better understanding of oligosaccharide structure and dynamics. In addition to the drawbacks associated with a complicated explicit-solvent system, limitations are introduced by the force field. Even though the Amber force field has proved itself in protein dynamics simulations, the more sophisticated CVFF and CFF91 force fields [59] , which include cross-energy terms absent from Amber, usually perform better in carbohydrate simulations. Our use of Amber was dictated by the availability of sulphate parameters derived for this force field from calculations ab initio. To our knowledge, sulphate parameters have not been generated for MD simulations in explicit solvent.
After conformational refinement, NMR-derived solution structures were compared with the X-ray crystal structure of the hexasaccharide bound to the protein FGF [22] . Interestingly, when bound to FGF, hexasaccharide glucosamine rings remain in the stable %C " chair form as in solution, whereas iduronates are found in one of their preferred ring conformations or the other, i.e. "C % chair (ring C) or #S ! skewed boat (ring E). In solution, iduronates interconvert between these two ring conformations. For more detailed differences between bound and free hexa- saccharide conformations, glycosidic angles were compared. For this, only the NMR-derived structure with iduronate rings C and E in chair and boat forms respectively was chosen because the bound structure has the same two iduronate ring conformations. , Ψ glycosidic angles are listed in Table 5 . Note that in the high-affinity site in bound hexasaccharide (residues A, B, C, D) [22] , glycosidic angles are considerably different from those in the solution free state (30m to 40m different in some instances), whereas glycosidic angles in the low-affinity site (residues D, E, F) [22] are all nearly within 10m of each other. There is greater change in glycosidic angles at residues in the high-affinity FGFbinding site. RMS differences between structures show a similar trend. Superposition of ring atoms in residues D, E and F give a 0.41 A H RMSD, whereas superposition of ring atoms in residues A, B, C and D give a 0.85 A H RMSD.
Conclusions
To understand the basis for heparin activity in biological systems, it is most important to have as detailed a knowledge as possible about the structure of heparin and the role of various functional groups in heparin. The present study was aimed at determining the conformational properties of a small homogeneous fragment of heparin by using a combination of experimental (NMR) and molecular modelling techniques. Such heparin fragments can be viewed as basic building blocks for the native glycosaminoglycan, and structural information obtained on the hexasaccharide can be used to model longer heparin chains. Present results on the hexasaccharide have shown that the overall folding places sulphate and carboxylate side groups at the edges of the structure, which displays a slight right-handed twist. All glucosamine rings are stable in the %C " chair conformation, whereas iduronate rings interconvert between chair and skewed boat forms. When bound to the protein FGF, this hexasaccharide also has glucosamines in the chair conformation, whereas one iduronate is in the "C % chair and the other is in the #S ! skewed boat. This indicates that iduronate rings, flexible in solution, can be locked into either conformation when protein bound. Such conformational information might be used to rationalize the interactions of heparin with various biological targets and to assist in the design of pharmaceutical agents.
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